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By means of Doppler broadening lineshape parameter measurement, the hydrogen-induced defects 
and their recovery behaviour in post-deformation hydrogen-charged polycrystalline Co are studied. 
The measured activation energy for the migration of monovacanies is 1.09 0.07 eV. 
1. Introduction 
The hysteresis destruction by hydrogen is a serious problem in material science. The study 
of the behaviour of hydrogen and its interaction with defects in metallic materials has great 
significance. Since positron annihilation is sensitive to point defects, the positron annihilation 
technique (PAT) has been an important means to study the interaction of hydrogen with 
defects. There are many reports on the microbehaviour of hydrogen in transition metals 
(Fe and Ni) [l to 51. However, no positron annihilation study of the behaviour of hydrogen 
in pure Co has yet been reported. The purpose of this work is to study the properties of 
hydrogen-induced defects and their recovery behaviour in post-deformation hydrogen- 
charged polycrystalline pure Co. The kinetics of the recovery of monovacancies will also 
be discussed. 
2. Experimental 
The initial thickness of the pure Co samples (4N) was 0.8 mm. The samples were annealed 
in vacuum (1.33 x Pa) at 1050 "C for 24 h and then cooled down stepwise to room 
temperature (RT) during 24 h. Four states of samples were examined: completely annealed, 
quenched at 1000 "C, deformed (cold-rolling strain 6 = (do - d)/do = 14.6%), and post- 
deformation hydrogen-charged (6 = 14.6%). The cathodic hydrogen-charging method was 
used with 1N H,SO, aqueous solution as electrolyte with addition of phosphorus dissolved 
in CS,. The current density was 100 mA/cm2 and the charging time 1.5 h at RT. The 
S-parameter was measured after charging for 10min. A high cooling rate was achieved 
using Lengeler's method [6] of quenching the samples in a bath of a mixture of water and 
32% CaC1, cooled to -40 "C by liquid nitrogen. The samples in the four states were 
isochronally pulse-annealed in steps of about 25 K from RT to 670 "C for 20 min. Isothermal 
annealing was done selectively in the main recovery stages. The RT aging of the 
hydrogen-charged sample was investigated. 
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A Na positron source of about 10 p Ci, sealed in Kapton film, was sandwiched by the 
samples. The Doppler broadening annihilation lineshapes were measured using a stabilized 
Ge(Li) detector system with 1.1 keV resolution at 514 keV. All measurements were made 
at RT. 
3. Results and Discussion 
In order to obtain information on the hydrogen charged in deformed Co, the variation of 
hydrogen content with aging time was measured by the nuclear reaction 'H(19F, a, y)l6O 
at the resonance energy E,  = 6.42 MeV in a tandem accelerator (2 x 1.7 MV) (Fig. 1). 
Initially, the hydrogen content decreased quickly due to the release of hydrogen from Co 
and became steady after 7 h. 
Fig. 2 shows the change of the S-parameter with isochronal annealing temperature for 
the post-deformation hydrogen-charged (A), deformed (B), quenched (C), and completely 
annealed (D) samples. The S-parameter of the annealed sample is about 2.26, while the 
S-parameters for the quenched, deformed, and charged samples are obviously higher than 
that of the annealed sample. This results from the various defects induced by the different 
treatments. The S-parameter of the post-deformation hydrogen-charged sample is distinctly 
higher than that of the only deformed one at R T  and increases further with temperature 
increasing from RT to 75 "C, and presents a peak at about 75 "C. This behaviour means 
that the post-deformation hydrogen-charging and subsequent isochronal annealing pro- 
cesses lead to the formation of new defects. The increase of the S-parameter in this region 
can be explained as follows. Firstly, there is a great quantity of dislocations and vacancies 
as well as grain boundaries in the deformed samples in which the electron density is lower 
than in other regions and hydrogen can be trapped by them [7]. The accumulation of 
hydrogen in these positions induces a high partial pressure and results in plastic deformation 
in their vicinity, and therefore, gives rise not only to the multiplication of dislocations but 
also to the production of a certain number of secondary point defects, such as vacancies 
and vacancy clusters. Secondly, the existence of hydrogen in deformed Co can promote the 
formation of vacancy clusters because hydrogen can play a role in their nucleation [S]. In 
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Fig. 1 .  Hydrogen content vs. aging time at RT for post-deformation hydrogen-charged Co 
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Fig. 2. S-parameter vs. isochronal annealing temperature for the four sample states 
addition, according to the analysis of Fig. 1, the ability of the defects to trap positrons will 
be recovered due to the release of hydrogen from vacancies and dislocations. 
In Fig. 2, two recovery stages from 75 to 260 "C and from 350 to 490 "C are seen in 
curves A, B, and C, and these stages are most obvious for the hydrogen-charged sample. 
Because high temperature quenching (T, = 1000 "C) mainly produces a large number of 
excess vacancies in the samples, the stage between 75 and 260°C in curve C should 
correspond to the recovery of vacancies, while the slow decrease of the S-parameter between 
350 and 490 "C is responsible for the recovery of a small number of vacancy clusters 
produced during the quenching and subsequent annealing processes. Therefore, it can be 
considered that the first stage in curves A and B corresponds to the recovery of vacancies. 
In order to further clarify the recovery mechanism of the second stage in curve A, the 
variation of the microhardness with isochronal annealing temperature was measured for 
the deformed sample (Fig. 3). Because the origin of work-hardening is the resistance between 
dislocations, at temperatures below 350 "C the microhardness does not yet change with 
rising annealing temperature although there is a recovery of vacancies. However, the 
microhardness decreases rapidly with rising temperature in the region 350 to 670 "C and 
approaches the value of the completely annealed sample (dashed line). This indicates that 
the stage between 350 and 490 "C in curve A of Fig. 2 results from the recovery of dislocations 
and vacancy clusters, i.e. from the recrystallization process. 
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Fig. 3.  Microhardness vs. isochronal annealing temperature for the deformed sample A (6 = 14.6%) 
It is also seen from Fig. 2 that the S-parameter does not decrease to the value of the 
completely annealed sample at 490°C for curves A, B, and C .  On the contrary, above 
490 "C the S-parameter increases with further rising annealing temperature. The microhard- 
ness shown in Fig. 3 keeps decreasing in the region 490 to 670 "C, ie., the dislocations are still 
annealed. Obviously, the increase of the S-parameter above 490 "C has the same mechanism 
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Fig. 4. Isothermal annealing curves in the vacancy recovery stage 
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as the rise of the isochronal annealing curve of the completely annealed sample above 
420 "C (Fig. 2, curve D). It is well-known that there is a h.c.p. c, f.c.c. phase transition at 
420 "C in Co. Some works [9,10] showed that the phase change creates a non-equilibrium 
defect population capable of trapping positrons. Thus, this effect just explains the increase 
of the S-parameter at temperatures above 490 "C in curves A, B, and C and above 420 "C 
in curve D. 
It should be pointed out that the S-parameters in curves A and B do not show an observable 
difference above 490 "C. This shows that hydrogen-charging of deformed samples does not 
lead to the creation of further microvoids and microcracks. 
To study the kinetics of the recovery of single vacancies, the post-deformation hydrogen- 
charged samples were isothermally annealed. Fig. 4 shows the S-parameter versus the 
annealing time for various temperatures in the recovery stage, i.e, at 190, 210, and 230 "C. 
The recovery process may be analyzed using the cross-cut method [ll to 131. The activation 
energy for the migration of vacancies was estimated to be Em = (1.09 f 0.07) eV. This result 
is very close to the activation energy of vacancy migration (1.03 eV) obtained from the 
trapping threshold temperature measured in Co in thermal equilibrium by Schulte and 
Campbell [ 141. 
5. Conclusions 
Cold-work of pure Co does not only cause a large number of dislocation multiplications, 
but also produces a certain number of secondary point defects such as vacancies and vacancy 
clusters. Hydrogen-charging after cold-work further induces the creation of these defects, 
but also microvoids and microcracks are produced. The recovery behaviour of the defects 
in the hydrogen-charged sample is obviously changed due to the accumulation and release 
of hydrogen as well as the fact that hydrogen can act as nuclei of vacancy clusters. The 
recovery of vacancies occurs in the temperature region between 75 and 260 "C and the 
recovery of dislocations and vacancy clusters at temperatures above 350 "C. The activation 
energy of vacancy migration was measured to be (1.09 & 0.07) eV. In addition, the 
h.c.p. tf f.c.c. phase transition in Co creates a non-equilibrium defect population capable 
of trapping positrons. 
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